Exposure to arsenic in drinking water increases incidence of cardiovascular diseases. However, the basic mechanisms and genetic changes that promote these diseases are unknown. This study investigated the effects of chronic arsenic exposure on vessel growth and expression of angiogenic and tissue remodeling genes in cardiac tissues. Male mice were exposed to low to moderately high levels of arsenite (AsIII) for 5, 10, or 20 wk in their drinking water. Vessel growth in Matrigel implants was tested during the last 2 wk of each exposure period. Implant vascularization increased in mice exposed to 5-500 ppb AsIII for 5 wk. Similar increases were seen following exposure to 50-250 ppb of AsIII over 20 wk, but the response to 500 ppb decreased with time. RT-PCR analysis of cardiac mRNA revealed differential expression of angiogenic or tissue remodeling genes, such as vascular endothelial cell growth factor (VEGF), VEGF receptors, plasminogen activator inhibitor-1, endothelin-1, and matrix metalloproteinase-9, which varied with time or amount of exposure. VEGF receptor mRNA and cardiac microvessel density were reduced by exposure to 500 ppb AsIII for 20 wk. These data demonstrate differential concentration and time-dependent effects of chronic arsenic exposure on cardiovascular phenotype and vascular remodeling that may explain the etiology for AsIII-induced disease.
Introduction
The understanding of environmental contributions to human cardiovascular diseases remains poor. Arsenic is an example of a significant contaminant in drinking water worldwide that has been repeatedly associated with a variety of cardiovascular diseases and cancers in humans (1) (2) (3) (4) (5) (6) . It is estimated that >50 million people worldwide are exposed to concentrations of arsenic in drinking water that are above the WHO maximum containment level (MCL) of 10 ppb (mg/L) (7) . Despite the strong epidemiological associations, the mechanisms and dose dependence for arsenic-induced vascular diseases remain unresolved.
Arsenic contamination of drinking water is not uncommon, because it is highly abundant in the Earth's crust and easily leaches from rocks and soils into groundwater. The most common forms of arsenic in the environment are inorganic pentavalent arsenate and trivalent arsenite (AsIII). AsIII is the more toxic species because it freely enters cells, possibly through water channels, at neutral pH (8, 9) . Arsenate can be reduced to AsIII by environmental bacteria, as well as by reductases found in most mammalian organs (10, 11) . The cellular effects of AsIII and its more toxic methylated trivalent metabolites activate cell signaling and cause toxicity by reacting with cellular thiols or by causing the formation of reactive oxidants (12) (13) (14) (15) (16) .
The most well characterized cardiovascular effects of arsenic are peripheral vascular disease, hypertension, ischemic disease, cardiomyopathies, and cardiac arrhythmias. These effects have been observed in rats and rabbits drinking large amounts of arsenic (17) , in mice injected with clinically relevant arsenite therapies (18) , and in humans receiving trivalent arsenic to treat leukemia (19, 20) . The worst cardiovascular manifestation of environmental arsenic exposure in humans is blackfoot disease: arteriosclerosis obliterans that results in severe peripheral vascular disease and loss of extremities (1, (21) (22) (23) . Blackfoot disease is rarely seen outside of the Taiwanese population that is exposed to arsenic drinking water levels of up to 1.5 ppm (23) . However, there is substantial evidence of arsenic-induced occlusive disease worldwide (for reviews, see refs. 12 and 22). Ischemic heart disease and hypertension have been observed in several studies in Asia and the United States (6, 21, 24) . Even chronic exposures at the current United States MCL of 50 ppb arsenic may double the risk of hypertension in susceptible populations (22, 25) . Finally, there has been a resurgence of therapeutic use of AsIII to treat leukemias and other cancers. However, a major dose-limiting side effect in up to 40% of patients receiving these therapies is cardiac arrhythmias that can progress to torsades de pointes in susceptible patients (19, 20) .
Mechanistic studies of arsenic toxicities have been confounded by the nonlinear effects of arsenic on cell signaling and the lack of adequate in vivo models that respond to environmentally relevant levels of arsenic (1, 25) . However, this lack of animal models may relate more to defining mechanisms for the carcinogenic effects of arsenic than to its cardiovascular effects. In animal models, high-dose or injected arsenic has been shown to decrease vasodilator responses (17, 26) , to decrease cardiac output (17) , to cause cardiomyopathies (18) , and, most recently, to promote angiogenesis (27) . However, few studies have investigated the chronic effects of environmentally relevant arsenic exposures on the vascular remodeling that may underlie arsenic-induced vascular diseases.
Angiogenesis, the common term for the formation of new blood vessels from existing vessels in adult tissue, is dysregulated in many diseases, including cancer, atherosclerosis, diabetes, and ischemic diseases (29) (30) (31) . However, there is a wealth of recent evidence that new vessel formation, called neovascularization, is a complex process that involves both the recruitment of progenitor cells and angiogenic remodeling of vessels (for a review, see ref. 29) . AsIII has been shown to stimulate the angiogenic process in cell culture and neovascularization in vivo (27, 31) . However, this stimulation occurs only at lower concentrations of AsIII and endothelial cell function is generally compromised at AsIII concentrations >5 µM (15, 33) in confluent cell cultures or >1 µM in proliferating cells or newly forming vessels (15, 33) . Arsenic-stimulated neovascularization may result from induction of angiogenic factors, such as vascular endothelial cell growth factor (VEGF), in vascular tisues (31, 33) ; however, this has not been examined in vivo.
The current in vivo study was designed to address the hypothesis that chronic exposure to environmentally relevant concentrations of AsIII in drinking water enhances neovascularization and cardiovascular expression of genes that promote neovascularization and tissue remodeling. This was accomplished by feeding mice normal drinking water or the same water containing 1-500 ppb of AsIII for 5, 10, or 20 wk. Implanted Matrigel was used to test the effects of AsIII on fibroblast growth factor (FGF)-2-induced neovascularization. Cardiac tissue was collected for mRNA analysis and histological measurement of blood vessel density. Blood was collected to test changes in circulating protein levels. These are the first studies to examine the chronic profile of arsenic effects on vessel growth and remodeling following oral dosing. The data demonstrate that low to moderate levels of AsIII promote neovascularization and time-dependent systemic effects on cardiovascular gene expression. The significance of the results is enhanced by their potential relevance to the etiology of cardiovascular disease and possibly tumorigenesis.
Materials and Methods

Mouse Exposure to Arsenic in Drinking Water
All animal exposures and procedures were performed in accordance with institutional guidelines for animal safety and welfare at Dartmouth College. Normal male C57BL/6NCr mice, 6-8 wk of age and weighing 20 g were obtained from the National Cancer Institute (Frederick, MD) and allowed to acclimate for 3-4 d prior to the start of treatments. Mice were housed in boxes of five and fed prepared drinking water solutions and standard mouse chow ad libitum. Drinking water solutions were prepared fresh twice weekly by dissolving 1-500 µg of sodium arsenite (Fisher Scientific, Pittsburgh, PA) in 1 L of commercially bottled drinking water (Vermont Pure, Randolf, VT), which contained <1 ppb of arsenic. There was no significant conversion of AsIII to AsV in these preparations (data not shown). The amount of water consumed by each mouse in a group and individual arsenic levels were not measured.
Matrigel Implant Assay
To test neovascularization potential, we implanted Matrigel for a 2-wk period prior to euthanizing the animals. Briefly, the mice were anesthetized with 125-250 mg/kg avertin. Matrigel (0.3-0.4 mL; BD Bioscience, Bedford, MA) or Matrigel supplemented with 50 ng/mL recombinant FGF-2 (PeproTech, Rocky Hill, NJ) was injected between the skin and abdominal muscle of each mouse. To end exposure, mice were euthanized with carbon monoxide. The Matrigel implants were then removed with a portion of adjacent skin and muscle for orientation and were then fixed in 10% neutral buffered formalin prior to paraffin embedding. One hundred-micron thick crosssections were made and stained with H&E. Vessels were identified as cell-lined luminal structures containing red blood cells and scored according to a ranking algorithm to account for differences in vessel size and length in the cross-sections (see arrows in Fig.  2 ). Blood vessels were counted in 10 nonoverlapping fields of each section magnified ´400. The number of the vessels in each of 10 nonoverlapping fields from a single cross-section was summed and the data were reported as the mean sum ±SD for each treatment group.
Cardiac Histopathology
Midsections of cardiac ventricular tissue were formalin fixed, paraffin embedded, and then sectioned. The sections were stained with Masson's trichrome and vessels were measured and counted using digital image analysis (ImagePro Plus, Media Cybernetics, Inc., Silver Spring, MD). The interior and exterior of approx 100 resistance vessels were traced and the average thickness of the vessel wall and the area of the lumen were then measured. Lumen diameter was automatically calculated from the lumen areas and the calculated ratio of 2(wall thickness)/lumen diameter was used as a measure of vascular hyperplasia. A digital imaging subroutine was used to determine microvessel density in a separate set of images captured at ´400 magnification. Vessels with cross-sectional diameters of <12 mm were detected and the number of microvessels was normalized to tissue area in the same image.
RT-PCR
Total cellular RNA was harvested with Trizol ® from mouse hearts that had been snap frozen immediately after organ retrieval. The frozen hearts were pulverized in liquid nitrogen and then the powder was mixed with Trizol to extract total RNA. Reverse transcription (RT) was performed on 0.5 to 1.0 µg of RNA, followed by conventional or quantitative realtime PCR using gene specific primers and primers for 18S RNA (Table 1) . Conventional PCR products were separated on a 2% agarose gel and stained with ethidium bromide. Intensity of the bands was determined using NIH Scion Image. Real-time PCR was performed only on gene products that produced a single band on gels and uniform melting curves in real-time reactions. Reactions were performed with an MJ Research Opticon II (Waltham, MA), and the number of PCR rounds required to reach a determined threshold abundance value was compared with a standard curve of known amounts of cDNA specific for a given gene. All specific products were normalized
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Protein Levels
Total plasminogen activator inhibitor-1 (PAI-1) protein levels in citrated (platelet poor) plasma from mice were measured by enzyme-linked immunosorbent assay (ELISA) according to manufacturers' instructions (Innovative Technologies, Southfield, MI). Whole blood was collected into sodium citrate specimen vials and spun at 2500g for 15 min, plasma was removed to a fresh vial, and 100-µL aliquots were assayed for PAI-1 content.
Statistics
There were five mice in each treatment group. Oneway analysis of variance (ANOVA) was used to test for differences when the mice were exposed for a single time period. Two-way ANOVA was used to test for differences related to AsIII concentration and time of exposure. Differences between treatments were compared using Bonferroni post hoc analysis.
Results
General Health of Chronic AsIII Exposures
The range of As(III) concentrations used in these studies caused few overt signs of toxicity or behavioral changes in the animals. There were no significant differences in individual body weights or average group body weights over the course of the 20-wk study. This indicates that all animals consumed similar volumes of water and food. At approx 15 wk, animals in the 250-and 500-ppb-dose groups displayed hair loss without signs of dermatitis. This confirmed the observations of a previous study that reported hair loss in Sprague-Dawley rats exposed to 50 ppm arsenate for 1 yr (34). Necropsy of the mice demonstrated no signs of infection at the Matrigel injection site. There were no obvious changes in any of the internal organs.
Low Levels of AsIII-Induced Matrigel Vascularization
Daily or periodic injections of AsIII synergize with FGF-2 to induce vascularization in the mouse Matrigel model and increase vascularization of injected tumors (27) . To demonstrate whether environmental exposures to AsIII cause a similar enhancement of neovascularization, we implanted Matrigel implants in control and AsIII-exposed mice for 2 wk prior to the end of the exposure period. The first 5-wk exposure study was designed to determine the threshold for AsIII enhancement of Matrigel vascularization. The range of AsIII exposures was chosen to include 1 ppb, which is below the current interna- tional MCL of 10 ppb, ranging up to the current MCL in the United States of 50 ppb. The data in Fig. 1 demonstrate that vessel density was significantly increased at all exposures tested that were >5 ppb.
Neovascularization in Response to High AsIII Exposures Varies With Time
AsIII-induced vascular diseases in humans develop over many years, even though evidence of vascular remodeling is evident even in young children (1) . Therefore, the second study was designed to examine whether AsIII enhancement of neovascularization varied with time and amount of exposure. Different groups of five mice were exposed for 5, 10, or 20 wk to 0, 50, 250, or 500 ppb of AsIII in drinking water. Again, 2 wk before terminating the exposures, Matrigel implants containing threshold amounts of FGF-2 were injected to test neovascularization potential. Figure 2 presents cross-sectional morphological features of representative Matrigel implants from the different exposure groups, and the graphs in Fig. 3 present the average vessel counts in 10 microscopic fields from the five animals in each group. At 5 wk of exposure, AsIII caused a concentration-dependent increase in vascularity of the Matrigel implants, with 500 ppb enhancing vascularity by five-to sixfold (Fig.  3) . The Matrigel assay is a model of inflammatory neovascularization and it is important to note the concentration-dependent increase in total cellularity of the implants. This may reflect potentiation of the general inflammatory response by AsIII.
The baseline vascularity in the 2-wk Matrigel assays increased slightly, but not significantly, over the 20-wk period (Fig. 3) . The amount of neovascularization produced by 50 ppb AsIII relative to the baseline at each time-point was highly significant and this response did not change over the 20-wk study. In contrast, the magnitude of the response to the higher AsIII concentrations relative to the baseline diminished with time. The response in the 250-ppb-exposed mice remained significant. However, by 20 wk, the response in the mice exposed to 500 ppb became more variable and lost significance.
An Additional Angiogenic Factor Is Required for AsIII-Enhanced Neovascularization
In keeping with our previous studies (27) , the data in Fig. 4 demonstrate that exposure to 50 ppb arsenic did not increase the vascularity of Matrigel implants lacking FGF-2. Supplementing the Matrigel with 50 ng/mL FGF-2 increased vascularity of the implants in control animals. However, the placement of FGF-2-containing implants in mice exposed to 50 ppb for 5 wk resulted in a further twofold increase in vessel number. The data suggest that AsIII potentiates, but does not directly cause, neovascularization in this model. They are consistent with the failure of the Matrigel to vascularize in response to many known angiogenic agents unless FGF-2 is added.
Chronic AsIII Exposures Differentially
Affect Cardiac Gene Induction
Total cardiac RNA was isolated from the animals presented in Fig. 3 to examine the effects of AsIII on expression of endogenous genes relevant to angiogenesis, vascular remodeling, and cardiovascular injury. Expression of VEGF and its receptors, VEGFR1 (flt-1) and VEGFR2 (Flk-1, KDR), was chosen for the major role of these proteins in both endothelial cell progenitor recruitment and endothelial cell prolif- Fig. 1 . Low-level arsenic exposure enhanced neovascularization in Matrigel. Male C57BL/6NCr mice were fed drinking water ad libitum supplemented with the indicated concentrations of AsIII for 5 wk. During the final 2 wk, Matrigel implants containing 50 ng/mL FGF-2 were inserted between the abdominal wall and the skin. Euthanasia with carbon monoxide terminated the exposures. The implants were removed, formalin fixed, and embedded in paraffin. Functional vessels in H&E-stained cross-sections were identified as cell-lined luminal structures containing red blood cells and scored for size and length. The vessels in 10 nonoverlapping fields at ´400 were counted and summed. Each bar represents the mean ± SD of summed vessels in sections from five mice. Significant differences are designated by *p < 0.05, **p < 0.01.
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Humana Press Volume 5, 2005 eration in vasculogenesis and angiogenesis (28) (29) (30) . Endothelin-1 was chosen for its role in promoting hypertension, angiogenesis, and cardiac tissue remodeling (35). PAI-1 was chosen for its role in supporting vessel stabilization and remodeling (29) and the demonstration of increased circulating PAI-1 levels in humans exposed to arsenic in drinking water (36, 37) . Finally, matrix metalloproteinase-9 (MMP-9) was chosen for its known role in promoting vessel remodeling through promotion of smooth muscle cell migration and proliferation (29, 38, 39) . To reduce assay variability and to provide direct comparison between different mRNAs, we performed PCR reactions using a single RT reaction from each heart extract. The mRNA levels for these different genes are shown in Fig. 5 and illustrate several important points. Fig. 2 . Morphological features of Matrigel implants after chronic arsenic exposure. Mice were exposed to the indicated concentrations of AsIII in their drinking water for 5, 10, or 20 wk. Matrigel implants were inserted 2 wk before termination of exposures by euthanasia. The implants were removed and processed as in Fig. 1 . The representative images are ´200 magnifications of H&E-stained cross-sections (bar = 10 µm). Arrows point to blood vessels, which are luminal structures containing red cells and M denotes the abdominal muscle layer. Note the multiple layers of cells in the vessel walls (e.g., 50 ppb at 10 wk) and additional cell infiltrates.
Humana Press Volume 5, 2005 First, despite variations in basal expression, differential effects of AsIII were observed as the exposures progressed. Further, these differential effects were selective in that they were gene specific. At 5 wk of exposure, when the neovascularization response is the highest (Fig. 3) , there was a significant increase in VEGF expression and a modest increase in VEGF receptor expression (Fig. 5 ). In keeping with the Matrigel results, there is no time dependence of the response to 50 ppb over the 20-wk period.
The exception is at 10 wk, when the significant response was because of a drop in basal VEGF expression, rather than an increase in the response to 50 ppb of AsIII. In contrast, VEGF expression was significantly increased above control by 250 and 500 ppb AsIII at 5 wk, but this response was lost at 10 and 20 wk. An initial increase of VEGFR2 expression in response to 500 ppb was lost by 10 wk and progressed to significant inhibition by 20 wk. VEGFR1 expression was relatively unchanged, except for a significant increase following 250 ppb and a significant decrease following 500 ppb for 20 wk. Endothelin-1 mRNA levels were relatively unaffected at 5 wk, but demonstrated progressive dose-dependent increases in response to 50 and 250 ppb of AsIII. This significance was enhancing by a downward trend in basal expression over the 20-wk period. In contrast, MMP-9 expression displayed a progressive increase in basal expression and highly significant increased expression at all doses. Basal PAI-1 mRNA levels remained unchanged and AsIII stimulation progressed to significance for 500 ppb by 10 wk and for both 250 and 500 ppb by 20 wk. Thus, AsIII clearly has different effects on cardiovascular genes and these effects Fig. 3 . Chronic arsenic exposure via drinking water increased neovascularization. The vessels in 10 nonoverlapping fields in sections of Matrigel implants from the treatment groups in Fig. 2 were scored and summed. Each bar in the graph represents the mean sum ± SD of vessels from five mice. Significance was determined by two-way ANOVA followed by Bonferroni post hoc analysis. Significant difference from time-matched control is designated by *p < 0.05, **p < 0.01, ***p < 0.001. Fig. 4 . FGF-2 was required for AsIII-enhanced neovascularization. Mice were exposed to normal drinking water or drinking water containing 50 ppb AsIII for 5 wk. Matrigel with or without 50 ng/mL of FGF-2 was implanted for the final 2 wk of exposure. Implants were collected and processed as in Fig. 1 . Each bar represents the mean ± SD of summed vessel counts from five mice. Significant differences at p < 0.01 from non-FGF control or FGF control are designated by Y or C, respectively. occur with different patterns depending on the amount or duration of exposure.
Chronic Arsenic Exposure Results in Increased Plasma PAI-1 Levels
PAI-1 protein levels are elevated in human populations and human endothelial cells exposed to AsIII (36, 37) . To demonstrate that the dose-dependent increases in PAI-1 mRNA at 20 wk reflect changes in protein, we measured total plasma levels of PAI-1 by ELISA. As shown in Fig. 6 , there was a dose-dependent increase in circulating PAI-1 that was significant only in response to 500 ppb AsIII.
Chronic High-Level AsIII Exposures Decrease Microvessel Density in the Heart
The inhibitory effects of 500 ppb AsIII on expression of VEGF receptors suggested that chronic exposure at this level was toxic to the cardiac vasculature. Morphological analysis revealed no difference . The data were analyzed for differences by two-way ANOVA followed by Bonferroni post hoc test for significance. Significant difference from time-matched control is designated by *p < 0.05, **p < 0.01, ***p < 0.001. MMP-9, matrix metalloproteinase-9. Fig. 6 . AsIII exposure in drinking water leads to increased plasminogen activator inhibitor-1 (PAI-1) in plasma. Circulating PAI-1 protein levels were determined in the plasma of mice after 20 wk of exposure to normal or AsIIIcontaining drinking water. During necropsy, blood was collected by cardiac puncture into sodium citrate and spun at 2500g for 10 min at 4°C and platelet-poor plasma collected and stored at -80°C until assay for total PAI-1 by enzyme-linked immunosorbent assay. Each bar represents the mean ± SD PAI-1 level from five mice. Significance is designated by **p < 0.01.
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Humana Press Volume 5, 2005 in wall thickness or luminal diameter for cardiac arterioles measuring between 12 and 100 µm (data not shown). However, as shown in Fig. 7 , prolonged exposure to 500 ppb AsIII reduced the tissue density of microvessels of <12 µm. These data are consistent with the decreased magnitude of the neovascularization response in Matrigel implants from the same animals (Fig. 3) .
Discussion
The data presented are the first to characterize dose-and time-dependent effects of AsIII on neovascularization following environmentally relevant exposures in adult animals. In addition, these data have implications toward identifying mechanisms for the ischemic diseases that are associated with exposure to AsIII in drinking water and for AsIII-enhanced tumorigenesis. Neovascularization and angiogenesis are enhanced by levels of AsIII that are near the current and future US regulatory limits for arsenic in drinking water (Fig.1) . This potentiation in response to low-level exposure does not vary with time, which has significant implications for human health risk. In contrast, higher levels of exposure provide robust neovascularization early in exposure, but lead to vessel rarefaction after prolonged exposure. This toxicity may have added health significance, because these arsenic levels have been associated with ischemic heart disease. Gene expression changes in the hearts of the exposed mice may explain the time-dependent changes in dose-response relationships of the cardiovascular system to prolonged AsIII exposures.
Enhancement of pathologic neovascularization by AsIII in adult tissues could partially explain the etiology of AsIII-associated cancers and cardiovascular diseases. The finding in Fig. 4 that AsIII required additional inflammatory factors to increase neovascularization implied that AsIII contributes to longitudinal risks for disease, but does not directly cause disease. This was consistent with the previous demonstration that injected AsIII enhanced angiogenesis and tumor growth in vivo (27) , even in animals that are poor models for arsenic-induced carcinogenesis (25) . It was also consistent with the current theories proposing that arsenic is a cocarcinogen, not a primary carcinogen (25, 40) . The correlate in the cardiovascular system would be that AsIII-induced neovascularization could contribute to the enhanced blood vessel wall growth, smooth muscle cell proliferation, and malignancy of atherosclerosis. AsIII has been shown to enhance all of these processes in humans and animal models (1, 41, 42) , as well as in cell culture models (33) .
The observed AsIII-enhanced microvessel density presents an apparent paradox with reports of AsIIIrelated ischemic disease. This paradox may be explained by enhancement of the blood vessel wall microcirculation (i.e., vasa vasorum) and potential contributions of the vasa vasorum to both arteriosclerosis and atherosclerosis (29, 43) . Stimulation of smooth muscle cell growth and the vasa vasorum without an atherosclerotic or arteriogenic signal could result in the arteriosclerosis and the loss of perfusion seen in arsenic-induced peripheral vascular diseases (1). In contrast, AsIII-enhanced growth of the vasa Fig. 5 were formalin fixed, paraffin embedded, and cross-sectioned. The tissue was stained with Masson's trichrome and imaged at ´400. Microvessels were automatically detected using a digital imaging subroutine and vessels with cross-sectional diameters of <12 µm were enumerated and sums were normalized to tissue area in the same image. Each point represents the mean ± SD microvessel density from the hearts of five mice. Significant differences from time-matched control are designated by *p < 0.05. vasorum would account for the vessel wall thickening and enhanced malignancy attributed to arsenic in the atherosclerotic lesions of exposed patients (41) . Further investigation in a more appropriate animal model or in humans is needed to establish the role of AsIII in enhancing wall thickening or stiffening by promoting neovascularization of the vasa vasorum.
The data in Figs. 2 and 3 present several important implications of the time-and dose-dependent effects of AsIII-enhanced neovascularization. First, enhancement of small vessel density was much greater after a shorter period of exposure to higher AsIII concentrations relative to prolonged exposures. There was nearly a sixfold enhancement of FGF-2-stimulated vessel density following 5-wk exposure to 500 ppb AsIII (Fig. 3) . By 10 wk of exposure, this response was reduced to a twofold increase relative to the time-matched control. A further reduction in the response, as well as an increase in variability, was seen by 20 wk. The assay truly measured neovascularization potential, because the Matrigel was implanted for 2-wk intervals at 3, 8, or 18 wk in the exposure period. Angiogenic potential has been reported to decrease with prolonged aging when 12-wk and 2-yr-old mice were compared (44) . However, this would not explain the diminished neovascularization response in the mice exposed to 500 ppb AsIII (Fig. 3) . If anything, there was an upward trend in baseline neovascularization of the Matrigel implants in these animals with only a 15-wk age difference. Also, there was no decrease in the magnitude of the response to either 50 or 250 ppb over the 20-wk period. The implication of the data is that individuals in highexposure areas would have more severe disease that is supported by AsIII-enhanced neovascularization if they receive the disease signal (e.g., tumor development, hypertension, arteriosclerosis) earlier in exposure. In contrast, the risk of enhanced disease would remain constant for those individuals drinking water containing 250 ppb or less. This is important because, even at 50 ppb, arsenic in drinking water may raise the risk of hypertension by twofold in selected human populations (24) . The second main implication is that there are different thresholds for the mechanisms of the vascular effects of AsIII. Inappropriate enhancement of neovascularization in the adult results from positive growth signals that contribute to proliferative diseases (e.g., arteriosclerosis, tumorigenesis). The threshold for AsIII enhancement of neovascularization appears to be between 1 and 5 ppb (Fig. 1) . However, loss of microvessels or vessel rarefaction results from negative signals or apoptosis and contributes to fibrotic processes and tissue damage (e.g., fibrosis, cardiomyopathies). Prolonged exposure at a threshold between 250 and 500 ppb appeared to be required for these negative stimuli.
The data in Fig. 2 also present the fact that, in addition to affecting the degree of vascularization, AsIII may alter different phases of vascularization depending on the exposure duration. In general, in animals euthanized at 5 wk, AsIII increased the Matrigel density of vessels that contained only endothelial cells or had at most one extra cell layer surrounding the luminal endothelial cells. In contrast, large vessels, such as those shown for 50 ppb at 10 wk (Fig. 2) , were common in the implants from 50-and 250-ppb mice. These vessels were of note, because there were at least two cell layers in the wall surrounding the lumen based on the number of stained nuclei. This implied that lower concentrations of AsIII contributed to vessel stabilization in addition to promoting vessel invasion or angiogenesis. However, further morphometric analysis will be needed to determine how AsIII contributes to vessel remodeling or which parts of the remodeling program are stimulated or inhibited by AsIII. For example, if AsIII contributes to formation of larger vessels with limited branching, then tissue perfusion would be limited relative to stimulation of a more highly branched microvascular bed.
The mechanisms underlying differential dose-and time-dependent changes in vascularity or vessel remodeling following AsIII exposure may relate to the differential effects on gene expression shown in Fig. 5 . VEGF is an autocrine and paracrine factor. Despite the difficulty of measuring localized changes in whole tissue, 250-and 500-ppb AsIII exposures were shown to increase total cardiac VEGF mRNA by nearly twofold after 5 wk of exposure. This increase and the trend for higher VEGFR2 mRNA levels would be expected to provide the greater angiogenic potential seen at this time period (Fig. 3) . However, these responses were lost by 10 wk and progressed to inhibition of receptor mRNA expression in response to 500 ppb AsIII at 20 wk. The decline in both VEGFR1 and VEGFR2 mRNA following 500 ppb AsIII for 20 wk was dramatic. Because both of these proteins are survival factors for microvessels, this inhibition could explain the rarefaction of cardiac
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Humana Press Volume 5, 2005 microvessels illustrated in Fig. 7 . A similar systemic loss of VEGF receptor expression could also explain the diminished neovascularization response in Matrigel assays following 10 and 20 wk of exposure to 500 ppb. There is no change or a slightly enhanced expression of VEGF and its receptors in response to 50 and 250 ppb AsIII over the 20-wk exposure period. This would explain the sustained neovascularization responses to these two exposure levels (Fig. 3) . The progressive increased induction of endothelin-1 mRNA by these two concentrations of AsIII that reaches significance at 20 wk (Fig. 5 ) may also contribute to enhanced angiogenesis. The role of endothelin-1 in the vascular effects of AsIII is unknown, but the protein has been implicated in receptor-mediated stimulation of tumor angiogenesis (35) . However, chronic increases in endothelin-1 can be deleterious, because it is a vasoconstrictor and contributes to both hypertension and cardiac hypertrophy (35, 45) . A caveat to the data presented is that, with the exception of PAI-1, only mRNA levels were examined. Functional protein expression is not always matched to changes in mRNA and more detailed studies are needed to demonstrate the full mechanistic roles of these proteins in AsIII-enhanced neovascularization.
The time-dependent increase in the concentration response for AsIII-induced PAI-1 and MMP-9 ( Fig.  5 ) expression would compound the negative impacts of AsIII on the vasculature. Both genes may enhance angiogenesis and vessel remodeling by facilitating smooth muscle cell migration, vessel stabilization, and wall thickening (29, 38, 46, 47) . However, overexpression of either gene contributes to vascular disease and thrombosis (29, 39, 47) . It is interesting to note that both MMP-9 and PAI-1 have been implicated in AsIII-promoted disease. MMP-9 expression has been suggested to be a biomarker of arsenite-induced malignant transformation of prostate epithelial cells (48) . PAI-1 was increased in the circulation of individuals from areas where AsIII exposures are endemic (36, 37) . Subtle changes in circulating PAI-1, such as those seen in Fig. 6 , can be highly significant physiologically, because only a portion of the expressed protein is released to the circulation, its actions are much greater at the level of the tissue, and its inhibitory activity is exponentially related to its abundance (49) .
In summary, this is the first study demonstrating long-term changes in cardiovascular gene expression and vascular remodeling that may underlie AsIII-induced vascular disease. The data demonstrate that vascular changes can be modeled in mice drinking environmentally relevant levels of AsIII. The threshold for AsIII-induced changes in neovascularization appears to be below the proposed MCL for arsenic in drinking water. The findings begin to explain epidemiological findings of a greater than twofold risk of cardiovascular disease in humans even at 50 ppb of arsenic (4, 24) . Although chronic changes in gene expression may explain some of the etiology of this disease risk, much more work will be needed to establish the clear links between individual exposure to arsenic in drinking water and disease outcomes.
